; Dawson and Segal, 1966 ; Lai et al., 1966 ; Petz and Fudenberg, 1966; Nesmith and Davis, 1968) . All these reports, apart from that of Beardwell (1964) , appeared in American literature.
Two further case histories are reported here and are reviewed with the other 12 with special reference to pathogenesis, clinical and haematological findings, and prognosis.
Materials and Methods
Penicillin-treated Red Cells.-A modification of the method of de Weck (1964) was used. Washed normal group 0 red cells were made up to a 16% suspension in 0.9% NaCl to which one-tenth volume of 0.14 molar barbitone-buffered saline, pH 9.5, had been added. Two millilitres of this suspension was added to 6 ml. of buffered saline, pH 9.5, containing 400 mg. of penicillin G. The mixture was then incubated for one hour at 370 C., washed six times in buffered saline, pH 7.2, and finally made up to the required concentration in the same saline. The same red cells, treated in exactly the same way but without being exposed to penicillin, were used as controls.
Antiglobulin Sera.-A broad-spectrum antiglobulin serum, an anti-IgG serum, and an anticomplement serum were used.
Serological Tests.-Direct antiglobulin tests were carried out with the patient's red cells and the antiglobulin sera mentioned above. Antibody was eluted from the patient's red cells by Landsteiner and Miller's (1925) and Kochwa and Rosenfield's (1964) techniques. The elutes and the patient's sera were examined for antipenicillin and other antibodies. The tech-niques used were direct agglutination at 20°C. and the indirect antiglobulin test at 370 C. with normal and penicillin-treated red cells. The effect of 2-mercaptoethanol on the component of the antibody causing direct agglutination of saline-suspended penicillin-treated red cells was investigated by the method of Mollison (1967) . The sera were also examined for antibodies against red cells treated with ampicillin, methicillin, and cephaloridine.
Inhibition Studies.-The inhibitory effect of seven penicillin derivatives was investigated by adding them to the serum of Case A and testing this with penicillin-treated cells. The derivatives (kindly supplied by Beecham Laboratories) were: benzylamine salt of aminocaproic acid (E.A.C.A.), penicillin G, penicillamine cysteine disulphide, benzylpenicilloic acid (sodium salt), benzylpenilloic acid, benzylpenillic acid, 6-aminopenicillanic acid, and 6-aminopenicillanic acid E.A.C.A.
Combination of Penicillin with Red Cells.-The dose of penicillin which had to be given to adult patients in vivo before penicillin antigen became detectable on their red cells in vitro was studied. Blood sampl3s were collected from 20 patients on varying doses of penicillin. Penicillin antigen was detected by obtaining a positive indirect antiglobulin reaction with their red cells and the serum of Case A. A group AB serum, known to contain no penicillin or other antibodies, was used as a control. The concentration of penicillin in the serum of these samples was estimated by the method of Fujii et al. (1961) . The effect of adding known concentrations of penicillin to normal red cells was also investigated in the same way. Two millilitres of a 160% suspension of washed gIoup 0 cells in buffered saline, pH 9.5, was added to 6 ml. of penicillin in 0.9% NaCl to give final penicillin concentrations of 400, 40, and 4 mg./ml., and 400, 40, and 4 pig./ml. The 10.1 g./100 ml., with a P.C.V. of 32%. Six days later the haemoglobin had fallen to 7.9 g./100 ml., and the P.C.V. to 24%. After 18 days of penicillin therapy the haemoglobin was 7.2 g./ 100 ml., P.C.V. 21%, reticulocytes 17.2%, and white cell count 3,200/cu. mm. The blood picture showed leucopenia with a relative eosinophilia, and films of the bone marrow showed increased erythropoiesis with a marked left shift in granulopoiesis. The direct antiglobulin test was strongly positive. The eluate and the serum contained only antipenicillin antibodies,
The penicillin was stopped and the patient transfused with 1,500 ml. of blood. Antibiotic therapy with streptomycin and erythromycin was continued until her discharge 21 days later. At that time the direct antiglobulin test was still positive and the haematological findings were: haemoglobin 9.5 g./100 ml., P.C.V. 26%, and reticulocytes 2.2%. The direct antiglobulin test was found to be very weakly positive on 16 February 1967 and negative on 3 March, 77 days after the penicillin had been stopped.
Case B
The patient, a man aged 66, probably had rheumatic fever when he was 3 years old. In 1963 he was given 500,000 units of penicillin twice a day for two weeks for suspected subacute bacterial endocarditis with no untoward reaction.
He was admitted to the Hammersmith Hospital on 14 January 1967. On examination he was found to have a temperature of 100.7' F. (38.2' C.) and signs of aortic and mitral incompetence. Six blood cultures grew pure growths of Str. viridans sensitive to 0.12 pig. of penicillin per nil. At that time the results of haematological investigations were as follows: haemoglobin 10.4 g./100 ml., P.C.V. 32%, M.C.H.C. 33%, and a white cell count of 7,000/ cu. mm. He was treated with 20 mega units of penicillin G a day for two days and then 12 mega units a day. Fourteen days later he developed a scaly petechial rash on his legs. On 8 February it was noted that the reticulocyte count was 8% without any change in haemoglobin or P.C.V., but two days later, after 27 days' treatment, the haemoglobin had fallen to 8.7 g./100 ml. and the reticulocyte count was 6%. The direct antiglobulin test was found to be strongly positive, and the patient's serum and eluate of his red cells contained antibodies specific for penicillin-treated red cells. The direct antiglobulin test had been negative on 1 January, two weeks before penicillin had been started. Penicillin was discontinued, being replaced by erythromycin. Nine days later the haemoglobin had risen to 9.4 g./100 ml. and the reticulocyte count was 3.2 %. The red cell survival was estimated by using the patient's own cells labelled with "Cr, and the Tj was found to be 16 days.
On his discharge the haemoglobin was 12.1 g./100 ml., reticulocytes 4.6%, and white cell count 6,000/cu. mm. The direct antiglobulin test was found to be negative on 18 April, 66 days after the drug had been stopped.
Results
The serological findings in Cases A and B are shown in Table I. agglutination. This direct agglutination was not affected by 2-mercaptoethanol, and so was thought to be due to IgG antibody.
The penicillin antibody was also shown to cross-react to a lower titre with red cells treated with ampicillin, methicillin, and cephaloridine (Table II) (Table IV) . The patient (Case 6) who was receiving 12 mega units a day was, however, anuric at the time and high serum levels could be expected. The results suggest that in most cases penicillin will be detectable on the red cells only when the penicillin (Beardwell, 1964) had been given 10 mega units a day for 26 days. In four cases evidence of probable drug allergy was seen before the development of the haemolytic anaemia; in three it took the form of a rash and in one pyrexia and malaise.
All these patients had a positive direct antiglobulin reaction at the time that haemolysis was first diagnosed. This reaction was detected as early as two days and as late as 26 days after starting penicillin therapy. It is of interest that four patients (Swanson et al., 1966; Dawson and Segal, 1966; Lai et at., 1966; Nesmith and Davis, 1968) who had received small doses of penicillin several days or weeks before being given the larger dose developed a sudden brisk haemolysis, unlike the slow onset seen in patients on constant high dosage.
The peripheral blood picture has not been helpful in the diagnosis: spherocytosis has been seen on only one occasion (Strumia and Raymond, 1962 ) and autoagglutination has not been reported. In eight cases there was an eosinophilia either in the peripheral blood or in the bone marrow; in one case (Petz and Fudenberg, 1966) a leucopenia was seen at the height of haemolysis, accompanied by a marked left shift in granulopoiesis.
Apart from the patient who had anti-Lea (Strumia and Raymond, 1962) , the only atypical antibodies which have been found are those specific for penicillin-treated cells. Six of the patients had an anaemia severe enough to require blood transfusion. In all cases the haemolysis ceased on stopping the drug. One patient (Petz and Fudenberg, 1966) was continued on penicillin for 13 days after haemolysis was suspected. He was treated with prednisolone, 60 mg. a day, without response, and required blood transfusion. Two other patients were also given corticosteroids without any apparent beneficial effect (Strumia and Raymond, 1962 ; Lai et al., 1966) . No patient has died as a result of uncontrolled haemolysis, but in one the haemoglobin fell from 12.6 to 3 g./100 ml. in nine days, accompanied by a reticulocytosis of 66% (Nesmith and Davis, 1968) .
The Immune Reaction
The Antigen
The antigen is a hapten-protein complex formed by penicillin combined convalently with proteins both on the red cell membrane and in the serum. It was originally thought that this hapten was the isomer of penicillin, D-benzylpenicillenic acid, which has been shown to combine with red cells in vitro (Levine, 1965) . However, Josephson and Kaplan (1967) have reported that penicillin can react with red cell protein direct, possibly through the )-lactam ring of the nucleus, 6-aminopenicillenic acid.
The number of molecules of penicillin which must combine with red cell protein before the antibody can cause immune destruction is not known. Penicillin-induced haemolytic anaemia does not seem to occur in patients receiving low doses of penicillin, and we have been able to detect penicillin on the surface of the red cells only in patients receiving 12 mega units a day or more. This corresponds well with the findings of Clayton et al. (1965) and Lai et al. (1966) . Levine and Redmond (1966) , however, using saline haemagglutination techniques and a specific benzylpenicilloyl antibody made by immunizing rabbits, found that 100% of patients on 10-30 mega units a day gave very strong reactions and that 33 % of patients on 1.2-2.4 mega units a day gave weak reactions. In the latter group positive results were detected only in patients receiving the highest dose of penicillin or in those who had been given it for the longest time (18 days).
Penicillin and its related compounds are unique among the drugs which cause immune haemolytic anaemia in that they react chemically with the red cell membrane to form an antigen which cannot be removed either by washing or by penicillinase (Levine and Redmond, 1966) .
The Antibody
The antibody in both our patients was shown to be only IgG, like those described by Petz and Fudenberg (1966) , Dawson and Segal (1966), and Lai et al. (1966) . In the cases reported by Van Arsdel and Gilliland (1965) Levine et al. (1966a Levine et al. ( , 1966b We found, as did Bird (1960) , that the antibody had no effect on the in-vitro bactericidal activity of penicillin.
Incidence of Haemolytic Anaemia after High-Dose Penicillin Therapy.-The incidence of penicillin immune haemolytic anaemia in patients receiving high doses of penicillin is not known, but it is probably not common. We have observed four other patients who were receiving 20 mega units a day for up to six weeks. All gave negative direct antiglobulin tests, and no antipenicillin antibodies were detected in their sera, even though penicillin was easily detectable on the red cells. None of the patients developed signs of haemolysis during therapy. Petz and Fudenberg (1966) 
